The initiation of starch granule formation is still poorly understood. However, soluble starch 25 synthase 4 (SS4) appears to be a major component of this process since it is required to 26 synthetize the correct number of starch granules in the chloroplasts of Arabidopsis thaliana 27 plants. A yeast-2-hybrid screen allowed the identification of several putative SS4 interacting 28 partners. We identified the product of At4g32190 locus as a chloroplast-targeted PROTEIN 29
Introduction

45
Starch is the main storage polysaccharide produced by plants. It accumulates as water-46 insoluble semi-crystalline granules in the chloroplast of photosynthetic organ cells or in the amyloplasts of storage organ cells (potato tubers, endosperm of cereal seeds). Starch is a mix 48 of two structurally distinct α-glucan polymers, amylose and amylopectin in which glucose 49 residues are linked in α(1→4) and branched in α(1→6). Amylopectin, the major fraction of 50 starch, is moderately branched containing up to 6% of α(1→6) linkages while the frequency 51 of branching of amylose is much below 1%. 52
Starch synthesis is a complex process that implies tens of proteins, enzymatically 53 active or not, and each step is catalyzed by several genetically independent isoforms (D'Hulst a cluster-like structure of amylopectin responsible for its specific physicochemical properties 65 (Pfister & Zeeman, 2016) . 66
A major current challenge is to understand how the activity of these enzymes is 67 controlled to generate new starch granules. It is now well established that enzymes such as 68 branching enzymes and starch synthases are engaged in hetero-multimeric complexes (Tetlow these complexes remains to be elucidated even if it is strongly suspected that the protein 72 phosphorylation state is a key factor controlling protein-protein interaction (Liu et al., 2009; 73 Liu et al., 2012; Makhmoudova et al., 2014; Subasinghe et al., 2014) . Moreover, an 74 increasing number of non-catalytic proteins have been described to be involved in starch 75 metabolism with functions that are essential for correct starch synthesis or degradation (Seung 76 et al., 2015; Feike et al., 2016; Seung et al., 2017) . 77
One step of starch synthesis that remains poorly understood is the initiation of granule 78 formation. This process is of prime importance since it defines, in fine, the number, the size, 79 and the morphology of the starch granules. Arabidopsis accumulates on average 5 to 7 starch 80 granules per plastid in mature leaves. This number is rather constant, implying a finely tuned 81 regulation in planta, and depends on the chloroplast volume (Crumpton-Taylor et al., 2012; 82 Crumpton- Taylor et al., 2013) . It has been shown that starch synthase 4 (SS4) is a major 83 factor affecting the priming of starch synthesis. Arabidopsis ss4 mutants accumulate one 84 (sometimes none, rarely two) starch granule(s) per chloroplast (Roldán et al., 2007) . 85
Interestingly, this reduction in the number of starch granules per plastid is accompanied by a 86 modification of their shape. Wild-type (WT) granules are generally flat and lenticular with a 87 diameter of 1-2 µm. Starch granules in the ss4 mutant are larger (3-5 µm) and spheroidal 88 (Roldán et al., 2007) . The synthesis of the unique granule in the ss4 mutant depends on the 89 presence of another starch synthase: SS3. Indeed, starch synthesis collapses in the ss3 ss4 90 double mutant (Szydlowski et al., 2009) and the synthesis of one starch granule observed in 91 few chloroplasts are probably due to stochastic initiation events (Crumpton-Taylor et al., 92 2013) . 93 SS4 is a protein composed of two distinct domains. The C-terminal moiety of the 94 protein corresponds to the glycosyl-tranferase 5 (GT5) domain of the CAZy classification that 95 is shared by all starch synthases (Coutinho et al., 2003) . The N-terminal half of the protein is 96 specific to SS4 and is essentially composed of coiled-coil motifs (Leterrier et al., 2008; 97 Gámez-Arjona et al., 2014). These two domains have specific functions in granule formation. 98
While the C-terminal part of the protein determines the number of initiation events, the N-99 terminal moiety is involved in protein localization and controls granule shape (Lu et al., 100 2018) . Indeed, SS4 is not evenly distributed within the chloroplast but is associated with 101 plastoglobules where it has been described to interact with fibrillins 1 (Gámez-Arjona et al., 102 2014; Raynaud et al., 2016) . It was also reported that SS4 interacts with itself and with 103 PTST2, a non-catalytic protein that, together with PTST3, was proposed to deliver a substrate 104 allowing SS4 to initiate starch granule formation (Seung et al., 2017) . 105
In this article, we report the identification of a new protein that physically interacts 106 with SS4 and is involved in starch priming. This protein was named PII1 for "Protein 107
Involved in starch Initiation" (At4g32190). Mutants lacking PII1 have a reduced number of 108 larger starch granules compared to the wild type. The phenotype observed is not a strict 109 during 5 min at 50 g in swing out rotor at room temperature. Protoplasts were resuspended in 172 5 ml of W5 solution (154 mM NaCl, 125 mM CaCl 2 , 5mM KCl, 5 mM glucose, 1.5 mM 173 MES, pH 5.6). 2.5 ml protoplasts were deposited on 6 ml 21 % sucrose solution and 174 centrifuged 10 min at 50 g. Intact protoplasts, that accumulate on the sucrose surface were 175 To determine starch granule size, polysaccharides chain length distribution profile and 207 to perform scanning electron microscopy, starch was extracted as follow: Approximately 5 g 208 of fresh material were homogenized using a polytron blender in 30 mL of the following 209 buffer: 100 mM MOPS, pH 7.2; 5 mM EDTA; 10% (v/v) ethylene glycol. The homogenate 210 was filtered through two layers of Miracloth (Calbiochem, EMD Biosciences, La Jolla, CA) 211 and centrifuged for 15 min at 4 °C and 4,000 g. The pellet was resuspended in 2 ml Percoll 212 90% (v/v) and centrifuged for 40 min at 4 °C and 10,000 g. The starch pellet was washed with 213 sterile distilled water (10 min at 4 °C and 10,000 g) and one time with 80% ethanol. Starch 214 was finally stored at 4 °C in 20% ethanol. 215 216
Granule size distribution and scanning electron microscopy 217
Purified starch granules were dispersed in 20 ml of IsoFlow Sheath (Beckman 218
Coulter) and analyzed in a multisizer 4 Coulter-counter (Beckman) with a 20 µm aperture 219 tube. The Multisizer software was set to determine the size of 30 000 particles ranging from 1 220 to 6 µm. 300 bins are logarithmically spaced between 1 and 6 µm (X-axis) and the size 221 frequency distribution was expressed as relative percentage of total amount (Y-axis). 222
For scanning electron microscopy observation, drops of dilute aqueous suspensions of 223 purified starch granules were deposited on a piece of glow-discharged copper tape and 224 allowed to dry. The specimens were coated with Au/Pd and secondary electron images were 225 recorded with an FEI Quanta 250 scanning electron microscope equipped with a field 226 emission gun and operating at 2 kV. 227
228
Starch content and ultrastructure 229
Leaves of 3-weeks-old plants were collected at the end of the day or at the end of the 230 night and immediately frozen. Starch was extracted from 0.3 to 0.5g of leaves by the 231 perchloric acid method described above. Starch content was determined by a 232 spectrophotometric method following manufacturer's instructions (Enzytec TM R-Biopharm). 233
For each genotype, three independent cultures were performed. For each culture, three 234 different samples were collected (each sample contains leaves from 3 plants). 235
Therefore, for each genotype, a mean and a standard error was calculated from nine 236 different values (eight values for Col-O). A two-tailed t-test was applied to compare mutant 237 lines to their respective wild-type. 238
The polysaccharide chain length distribution profile was determined on purified starch 239 granules as described in (Boyer et al., 2016). 1 mg of purified starch was debranched with a 240 mix of 4 U isoamylase (Pseudomonas sp, megazyme) and 2 U pullulanase (Klebsiella 241 planticora, megazyme) in sodium acetate buffer (55 mM, pH 3.5) during 12 h at 42 °C. After 242 desalting (Grace TM Alltech TM Extract-Clean TM Carbograph columns) and lyophilization, 243 samples were suspended in 300 µl of deionized water. CLD was determined by high-244
performance anion exchange chromatography with pulsed amperometric detection analysis 245 (Dionex® ICS-300 -PA200 CarboPac column 250x3 mm, Thermo Fisher, Sunnyvale, CA, 246 USA) as fully described in (Roussel et al., 2013) . 247 248 249
Results
251
Selection of pii1 lines 252
SS4 is a major protein involved in starch initiation. To identify other members of the 253 starch-priming complex, proteins that potentially interact with SS4 were identified by a yeast-254 2-hybrid screen. An ULTImate Y2H TM was carried out by Hybrigenics-services (Paris, 255
France) using SS4 as bait (amino acids 43 to 1040) against a library prepared from one-week-256 old seedlings. Among 125 millions interactions tested, 369, corresponding to 80 different 257 proteins, were positive. During this screen, SS4 was identified in the prey proteins, 258
confirming that it is able to interact with itself and validating the approach. Using ChloroP 259 algorithm prediction (Emanuelsson et al., 1999) on SS4-interacting candidates, we have 260 selected proteins with predicted chloroplast targeting peptides. Among six SS4-interacting 261 selected candidates having a predicted chloroplast targeting peptide (Table S1) , we have 262 identified the PII1 protein (At4g32190). For each interaction identified during the screen a 263 predicted biological score (PBS) was given. This score indicates the reliability of the 264 identified interaction and ranges from A (very high confidence of the interaction) to F 265 (experimentally proven artifacts). The protein encoded by the gene At4g32190 displayed a 266 PBS of "C" corresponding to a "good confidence of interaction". Indeed, SS4 used as bait 267 was found to interact with 5 yeast clones expressing different fragments of the pray protein. To determine the biological significance of the potential interaction between this 274 protein and SS4, we have engaged a phenotypic analysis of lines impaired in the 275 corresponding gene. Two Arabidopsis lines with T-DNA insertion within At4g32190 gene 276 were obtained from NASC resource center. Lines N679037 and 137A02 were in Col-0 and 277
Ws genetic background respectively. After selection of homozygous lines, we have evaluated 278
At4g32190 mRNA integrity by RT-PCR ( Fig. 1) . In both cases the RNA integrity is 279 compromised by the T-DNA insertion. In line N679037, the insertion is located within 5' 280 UTR (three nucleotides before the ATG codon), while in line 137A02, T-DNA is inserted in 281 the second exon. The two mutant alleles were named pii1-1 (Col-0 background) and pii1-2 282 (Ws background), respectively. 283
Even if PII1 is annotated as a « myosin heavy chain-related protein » in databases, no Images obtained using a fluorescence microscope confirm the chloroplastic localization of the 311 protein. Moreover fluorescence appears as dots (Fig. 2 ), a pattern that is similar to that already 312 reported for SS4 (Raynaud et al., 2016) . Protoplasts of the ss4 mutant were also transformed 313 with the PII1-GFP fused chimeric construct. Again, the PII1-GFP protein was located within 314 chloroplasts and the same dot-like distribution pattern of the protein was maintained 315
indicating that SS4 is not required for proper PII1 localization inside the chloroplast. 3.4 and 3.5 µm (Fig. 4 ). Starch granules extracted from pii1 lines are also larger compared to 333 the WT counterpart. Distributions of granule size remain unimodal in both mutant lines with a 334 peak of the Gaussian distribution at 2.5 and 3.3 µm in Col-0 and Ws background, respectively 335 ( Fig. 4) . 336
The morphology of purified starch granules was also examined using scanning 337 electron microscopy. The granules extracted from wild-type Arabidopsis leaves were 338 lenticular in shape with a smooth surface. Several mutations affecting Arabidopsis starch-339 metabolizing enzymes were reported to affect starch granule morphology (Szydlowski et al., 340 2011; Malinova & Fettke, 2017) . This is also the case of the ss4 mutants that accumulate 341 large and spherical granules with a smooth surface. While similar in size to granules extracted 342 from ss4 mutants, those purified from pii1 remain lenticular but display an indented surface 343 ( Fig. 4) . 344
Impact of PII1 deficiency on plant growth and root development 346
ss4 mutants display growth retardation and pale green leaves phenotype. These 347 characteristics were proposed to be caused by the reduction of initiation events leading to 348 accumulation of unused ADP-glucose especially in starch free chloroplasts (Ragel et al., 349 2013 ). Since pii1 mutants lines also display a reduction of initiation events, growth kinetics of week-old seedlings respond correctly to gravity and no aberrant development was observed 367 ( Fig. 6) . 368
369
Impact of PII1 deficiency on starch amount and ultrastructure 370
The mutation at the PII1 locus led to the increase of starch granule size associated to a 371 reduction of granule number. To determine if these phenotypes are associated to a 372 modification of total starch amount, we also assayed the starch content in these lines and 373 compared data to wild-type and ss4 lines. Leaves of 3-week-old plants, grown in a growth 374 chamber under 16 h : 8 h, light : dark photoperiod, were harvested at the end of the 375 illuminated or dark periods and the starch content was enzymatically assayed. It was similar 376 to the amount already reported for wild-type and SS4-deficient lines (Roldán et al., 2007) . 377
The loss of SS4 led to a slight reduction of starch content at the end of the day but a higher 378 amount at the end of the night (Fig. 7) . This effect is exacerbated in Ws background. In pii1 379 mutants, no reduction of the starch content was recorded at the end of the day. Moreover, in 380
Ws genetic background, the residual starch accumulated at the end of the night was 381 significantly higher in pii1 or ss4 mutants compared to the corresponding wild-type line 382 ( Fig. 7) . No significant accumulation of water-soluble polysaccharides could be detected in 383 the different analyses. 384
Starch fractionation was carried out by size exclusion chromatography on Sepharose CL-2b 385 matrix. No modification of the amylose / amylopectin ratio was recorded in pii1-1 or pii1-2 386
lines when compared to their respective wild types (Supporting information Fig. S2 ). The 387 starch ultrastructure was also analyzed by establishing the chain length distribution (CLD) 388
profile of the glucans. The purified starch was enzymatically debranched and linear glucans 389
were then separated using high-performance anion exchange chromatography and detected by 390 pulsed amperometric detection (HPAEC-PAD). The CLD profile determined for starch 391 extracted from PII1 deficient lines was identical to that of the corresponding wild types 392 ( Fig. 8) . 393
394
PII1 deficiency does not alter other starch metabolizing enzymes. 395
The activity level of several enzymes was estimated by zymogram analysis. All tested 396 activities (starch synthases SS1 and SS3, branching enzymes, debranching enzymes, 397 phosphorylases) remained unaffected in the pii1 mutant (Supporting information Fig. S3 ). 398
Since the reduction of granules number without alteration of starch structure observed 399 in pii1 line was similar to that observed in ss4, ptst2 or ptst3 lines, we verified that these 400 genes were still correctly expressed in the absence of PII1. Total RNAs of pii1 lines were 401 extracted and purified from leaves harvested in the middle of the day. RT-PCR performed to 402 amplify RNA signal of SS4, PTST2 and PTST3 gave signals in pii1 lines indicating that these 403 genes are expressed (Supporting information Fig. S4 ). In the same manner, the RNAs were 404 extracted and purified from ss4 lines and RT-PCR revealed that PII1 is expressed in this 405 mutant (Fig. 1) . 406
Moreover, SS4 was reported to be located in specific regions of the chloroplast. determine if PII1 has an impact on SS4 subchloroplastic location, we expressed the SS4 -GFP 411 fused protein in the pii1 mutant. SS4 distribution was not modified in the presence or absence 412 of PII1 ( Fig. 9) . 
PII1 and SS4 interact in planta 419
In this study we describe a new protein involved in starch priming. PII1 was identified 420 by yeast-2-hybrid screen as physically interacting with SS4. The number of positive clones 421 with different PII1 fragments gave a good confidence of the interaction between the two 422 proteins. This result was reinforced by other observations such as subcellular protein 423 localization or BiFC experiment. 424
In silico analysis of PII1 coding sequence predicts the presence of a small transit 425 peptide allowing the targeting of the protein to the chloroplast (Table S1 ). The chloroplastic 426 localization of PII1 was confirmed by expression of the recombinant PII1-GFP fluorescent 427 chimeric protein. Moreover this approach also revealed a dotted distribution of the protein in 428 the plastid (Fig.2 ) similarly to what was previously described for SS4 (Raynaud et al., 2016) . 429
Although the formation of aggregates of PII1 could not be totally excluded, it is unlikely that 430 such dotted distribution of PII1 arises from the over-expression of the protein, since we have 431 made use of the moderate expression "ubiquitin promoter-10" for the expression of the 432 transgene (Grefen et al., 2010). In addition, the transformations were carried out with 433 protoplasts prepared from cells of the pii1 mutant lacking the endogenous protein limiting the 434 over accumulation of the protein. Finally, the spatial proximity of PII1 and SS4 has also been 435 confirmed in planta by a BiFC approach (Supporting information Fig. S1 ). 436
As a whole, these results (yeast-2-hybrid, distribution within the chloroplast and BiFC) 437 provide good evidence for the direct physical interaction between SS4 and PII1 in the 438 chloroplast. 439
440
PII1 is required in determination of starch granule number in Arabidopsis chloroplast. 441
In this work, we have phenotypically characterized two independent mutant alleles of 442 the PII1 gene: the pii1-1 in the Col-0 background and pii1-2 in the Ws background. T-DNA 443 insertion lies in the 5'UTR, only 4 nucleotides upstream of the START codon in pii1-1, while 444 it is localized in exon 2 in pii1-2. Although these two lines were confirmed mutant by RT-445 PCR (Figure 1) we cannot exclude that a small amount of active PII1 is still produced at a low 446 level in the pii1-1 mutant while it is completely abolished in pii1-2. 447
Nevertheless, the phenotypes of the two mutants are very similar. Both lines have less 448 (typically one) but bigger starch granules per chloroplast. Although the effect is more 449 pronounced in pii1-2 (pii1-1 is probably not a null allele), starch granules of PII1 deficient 450 lines are 2 to 3 times larger than wild type granules, and of a size similar to those of the ss4 451 mutant. However, while ss4 starch is spherical in shape, those extracted from pii1 mutants 452 remain lenticular, a form comparable to that of wild-type starch. 453
Another difference observed between the pii1 and the ss4 mutants is related to plant 454 growth. Indeed, while the ss4 mutants show significant growth retardation, the pii1 behave 455 like their corresponding wild types. The stunting growth of ss4 seems, at least partly, related 456 to the accumulation of higher ADP-glucose content in the leaves (Ragel et al., 2013) probably 457 because a significant fraction of chloroplasts are starch-free in these mutants (Roldán et al., 458 2007; Lu et al., 2018) . Although the absence of PII1 leads to a reduction in the number of 459 starch granules per chloroplast, none or very few organelles are completely free of starch (a 460 much smaller fraction than ss4). In addition, the ss4 mutants have a root growth defect related control the shape of the granule (Lu et al., 2018) . In the present work, PII1 was identified as 476 an SS4-interacting partner. When PII1 was knocked down, the major phenotype was the 477 reduction of starch granule number per chloroplast without alteration of granule shape. This 478 phenotype can be interpreted as an inactivation of SS4 catalytic part (C-terminal) without 479 alteration of the function of SS4 N-terminal moiety. We therefore propose that PII1 is a 480 protein involved in starch priming that interacts with SS4 and is required for proper catalytic 481 activity of the starch synthase controlling the number of initiation events generating new 482 starch granules. PII1 could be needed to provide an adequate substrate to SS4 and / or to 483 prevent the degradation of the substrate presented to SS4 to prime granule formation. A 484 similar function was already proposed for PTST2 another SS4-interacting protein (Seung et 485 al., 2017) . Alternatively, PII1 could be requested to the correct folding of SS4 or its 486 association with any other factor requested in the starch-priming machinery. Leaves are 487 submitted to diurnal fluctuations of the starch content. The precise control of the starch 488 content is of prime importance in leaves to prevent starvation at night (Scialdone et al., 2013) . Isolated leaf cells were prepared from Col-0 (a); ss4-1 (b); pii1-1 (c); Ws (d); ss4-2 (e) and pii1-2 (f). Leaves samples were collected at the end of the day and tissues were fixed in paraformaldehyde before disruption in EDTA. Pictures were collected using a confocal microscope. Chlorophyll fluorescence in purple delimits the chloroplast volume, while starch granules are black. Scale bar = 10 µm The starch granule size distribution was determined by analyzing 30,000 particles extracted for each genotype. The results are expressed in relative percentage (y-axis) of particles of a diameter ranging from 1 to 6 µm (x-axis, logarithmic scale). In (a) and (e), starch from wild type, ss4 and pii1 lines are in blue, red and green, respectively. The value at the peak of the Gaussian distribution is indicated in µm. Plants were grown in a culture room under 16 h : 8 h, light : dark photoperiod. Three weeks after germination leaves were harvested either at the end of the day (a) or at the end of the dark phase (b). Three independent cultures were performed and for each culture three independent extractions were realized. Values correspond to the mean of nine assays (except for Col-0 end of dark phase corresponding to 8 assays). Thin vertical bars represent the standard error. Values obtained for mutant lines were compared to their respective wild-type by a two-tailed t-test. Asterisk represents statistically significant difference at p < 0.05 (*) or p < 0.001 (**)
Fig. 8: Chain length distribution of purified starches.
Purified starches were enzymatically debranched. Linear glucans were then separated and detected using high performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD). Grey bars represent the proportion of each DP expressed as a percentage of the total amount presented in the figure. The black line (panels (b) and (d)) corresponds to the differential plot between the mutant and wild type profiles. 
